ABSTRACT The participation of host RNA polymerase II in the vaccinia life cycle was examined by comparing efficiency of multiplication after treating the Ama+ sensitive and Ama 102 drug resistant lines with a-amanitin. In the latter, resistance is due to a mutation in RNA polymerase II. The toxin profoundly reduces synthesis of virus-specified polypeptides and morphopoeisis in Ama+ but not in Ama 102 rat myoblasts without appreciably altering vaccinia The highly active toxin a-amanitin, derived from the toadstool Amanita phallodes, has been recognized as a specific inhibitor of DNA-dependent RNA polymerase II, hereafter referred to as polymerase II, of animal cells (1). By virtue of its inhibitory specificity, a-amanitin was used to demonstrate that certain DNA and RNA agents, such as papovaviruses, adenoviruses, and influenza viruses, having an obligatory developmental stage in the host nucleus, most probably require polymerase II activity for replication (2-4). By contrast, the poxviruses, which develop in the cytoplasm, were reported to be insensitive to this toxin (as cited in ref. 5) and to contain in the virion core an a-amanitin-insensitive DNA-dependent RNA polymerase (5). However, some requirement for the host nucleus is implied in the replication of vaccinia because virus development in cytoplasts is incomplete (6, 7). The availability of the rat myoblast L6 cell line, which our initial experiments showed can support the growth of vaccinia and from which a mutant was derived having a polymerase II resistant to a-amanitin (8), prompted us to examine the possible role of host transcriptional function(s) in the life cycle of poxviruses.
indicates that 'y irradiation of the host prior to infection might disrupt transcription into functional mRNA from the nucleus. Irradiation does not, however, alter the capability of the host to support vaccinia multiplication fully. Therefore, ongoing host nuclear transcription may not be required by this virus. The above results are consistent with the ability of cytoplasts to produce small quantities of mature progeny. Our studies lead us to hypothesize that RNA polymerase II or a subunit of the host enzyme may participate directly in late transcription of the vaccinia genome.
The highly active toxin a-amanitin, derived from the toadstool Amanita phallodes, has been recognized as a specific inhibitor of DNA-dependent RNA polymerase II, hereafter referred to as polymerase II, of animal cells (1) . By virtue of its inhibitory specificity, a-amanitin was used to demonstrate that certain DNA and RNA agents, such as papovaviruses, adenoviruses, and influenza viruses, having an obligatory developmental stage in the host nucleus, most probably require polymerase II activity for replication (2) (3) (4) . By contrast, the poxviruses, which develop in the cytoplasm, were reported to be insensitive to this toxin (as cited in ref. 5) and to contain in the virion core an a-amanitin-insensitive DNA-dependent RNA polymerase (5) . However, some requirement for the host nucleus is implied in the replication of vaccinia because virus development in cytoplasts is incomplete (6, 7) . The availability of the rat myoblast L6 cell line, which our initial experiments showed can support the growth of vaccinia and from which a mutant was derived having a polymerase II resistant to a-amanitin (8) , prompted us to examine the possible role of host transcriptional function(s) in the life cycle of poxviruses.
MATERIALS AND METHODS
Cells and Viruses. Monolayers of L2mouse fibroblasts were used for virus propagation and assays of plaque-forming units (PFU) in nutrient medium and under culture conditions described (9) . The viruses used were the hemagglutinin-inducing parental IHD-J or the syncytogenic IHD-W variant of vaccinia (10) and the Indiana strain of vesicular stomatitis virus (VSV). For inoculation, 10 PFU/cell usually were added as reported elsewhere (11) .
To investigate the role of host-derived functions in development of vaccinia we used (i) a clone L6H9, designated Ama+, and an a-amanitin-resistant mutant Ama 102 derived from this clone of a rat myoblast line (8) , both kindly provided by M. E. Pearson (University of Toronto), and (ii) temperature-sensitive mutant 422E derived from hamster BHK21 fibroblasts, which is conditional-lethal for 28S ribosomal RNA formation and assembly of the 60S ribosomal subunit (12) , provided by H. E. Meiss (New York University Medical School).
Synthesis and Labeling. Cytoplasmic DNA synthesis in IHD-W vaccinia-infected Ama+ and Ama 102 cells was measured by continuous labeling, at 370C for 4 hr after inoculation, in the presence of 1 ,uCi of [methyl-3H]thymidine per ml (New England Nuclear) as described (13) . Briefly, labeled cells were allowed to swell in hypotonic saline/buffer solution, then were disrupted in a Dounce homogenizer. The radioactivity of trichloroacetic acid-precipitable material was measured in a scintillation counter. Procedures used by this laboratory for labeling and characterizing nascent polypeptides have been described (14, 15) . Briefly, at 9.5 hr after inoculation, monolayers were exposed for 60 min to 20 ,uCi of [35S]methionine per ml (New England Nuclear) added to methionine-free nutrient medium. Samples for preparing cytoplasmic extracts were taken either at the end of the pulse or after 8 hr of incubation in chase medium. Aliquots were used for determination of trichloroacetic acid-precipitable radioactivity and for polyacrylamide gel electrophoresis.
Inhibitors. Synthesis of RNA was suppressed by adding to the nutrient medium 4 jig of actinomycin D per ml (Sigma);
protein was inhibited with 10 ,ug of streptovitacin A per ml (gift from Upjohn) as described (11) . In the experiments involving Ama+ and Ama 102, rat myoblast cultures were treated with 2 ,tg of a-amanitin per ml (Sigma) according to ref. 8. Electron Microscopy. The methods for collecting and preparing cell samples for thin sectioning and examination by transmission electron microscopy were the same as those de- scribed in previous studies (11 duration of treatment with a-amanitin to effect an itih n of vaccinia replication. The data in Table 1 show that treatment of Ama+ cells for 5 or 10 hr abolished the capacity of the host to support production of infectious progeny, while shorter treatment resulted in fractional yields of PFU. Because the inhibitor was also kept in the culture medium throughout the growth cycle, it may be concluded that suppression of replication was elicited gradually and progressively. This is consistent with the slow inhibition of polymerase II activity by a-amanitin demonstrated biochemically (17) and implies that this host enzyme or a subcomponent of it is necessary for formation of infectious vaccinia virus. In sharp contrast to the above findings, treatment of Ama 102 cells with the drug had no inhibitory effect on the yield of vaccinia PFU (Table 1) , also indicating the involvement of polymerase II in the vaccinia virus cycle.
As a control of the specificity of a-amanitin effects on vaccinia, replication of VSV was tested under parallel circumstances. The data shown in Table 1 revealed that the drug did not suppress VSV production in either Ama+ or Ama 102 cells. Yields in Ama 102 were usually almost an order of magnitude greater than in Ama+, an observation which deserves further attention.
The effects of a-amanitin on synthesis of virus-specified products, including the synthesis of DNA and polypeptides in the cytoplasm, were monitored by isotopic labeling, polyacrylamide gel electrophoresis, and enumeration of progeny particles by quantitative electron microscopy.
Analysis of cytoplasmic extracts from untreated and drug- (14, 15) , with the exception that the lysate buffer solution contained 1 mM MgCl2. Treatment with 50 ,gg of pancreatic deoxyribonuclease I per ml (Worthington) for 15 min at 40C was used to hydrolyze the DNA. Into each channel was placed 10-50 Wgg of protein and the film was exposed for 3 days. The vertical scale showing Mr X 10-3 was calculated from polypeptides used as Mr standards. Arrows denote the positions of seven polypeptides: p94, p65, p62, p60, p23, p18.5, and p18. P, pulse; C, chase. Channels: (1-4) Ama+ extracts; (5-8) Ama 102 extracts; (9 and 10) L2 extracts. Channels 3, 4, 7, and 8 show samples from drug-treated cells. much less than in its absence (channels 3 and 4) . However, the inhibitor did not abolish the synthesis of the p94 and p65 precursors nor their processing to the p62 and p60 products. Most or all of the other identifiable polypeptides, including p23, p18.5, and p18, were also synthesized, as evident in channels 3 and 4 of Fig. 1 . In infection of Ama 102, a-amanitin did not reduce the quantity of vaccinia polypeptides produced or affect the normal posttranslational cleavages during the chase (channels 7 and 8, Fig. 1 ). The pattern of bands and processing of vaccinia-induced polypeptides were identical whether the host was the wild-type Ama+, Ama 102 polymerase II mutant, or mouse L2 cells. The comparative data on L2 cells shown in channels 9 and 10, which are identical to our previous findings (18) , emphasize the uniformity of the spectrum of vacciniainduced polypeptides, regardless of the cell type used for virus replication.
Results using electron microscopy to quantitate the formation of vaccinia related structures ( 390C for 24 hr or longer followed by infection with IHD-W vaccinia, also at 390C, failed to suppress virus development, as judged by a comparison of the amount of virus formed at 390C and at the permissive temperature of 330C. This finding implies that formation of nascent ribosomes prior to or during infection was not required for vaccinia replication. Effects of y Irradiation on Vaccinia Replication. Published evidence implicating a role of the host nucleus in vaccinia biogenesis (6, 7) suggested that the continued template activity of the host DNA might be required for completion of the virus life cycle. This idea was tested by exposing monolayers of L2 cells to intense y irradiation from a 6OCo source 4 hr prior to inoculation. Treatment with 70,000 rads (1 rad = 1.0 X 10-2 J/kg) was lethal for these cells, the majority of which died within 48 hr. Nevertheless, when infected 4 hr after exposure they remained fully competent to produce infectious vaccinia, as evident by the burst size, -100 PFU/cell, obtained from both control and irradiated cultures. In these cells mitosis can be abolished by <5000 rads. Our observation suggests that extensive damage to the host DNA by y irradiation did not impair vaccinia production.
To ascertain whether high doses of y irradiation can cause the abolition of gene expression, we used as a model of transcription and translation infection by IHD-J vaccinia. This model was selected because cytoplasmic virus DNA replication occurs synchronously [1] [2] [3] [4] hr after infection and because the IHD-J strain induces production of hemagglutinin as one of the late, late viral functions (19) , whereby the requisite transcription and translation commences at approximately 4 hr after infection, when late virion-related polypeptide synthesis is already well underway (11). The results (Table 3) revealed that cells irradiated with 50,000 rads immediately after completion of virus DNA synthesis were able to produce only small quantities of hemagglutinin and infectious particles. Exposure to 5000 rads caused only a partial inhibition of virus-specified synthesis. Application of inhibitors, used as the controls, revealed that actinomycin D if added after DNA synthesis at a concentration sufficient to block transcription rapidly, caused reduction of hemagglutinin and virus formation to approximately the same low level as a dose of 50,000 rads. As anticipated, streptovitacin A, an inhibitor of translation, also inhibited the formation of virus materials. These combined data imply that intense irradiation of the host before infection probably caused severe damage to nuclear DNA and affected transcription into functional mRNA without reducing synthesis of infectious vaccinia virus. Concerning pulse-chase experiments and polyacrylamide gel electrophoresis of the synthesis of vaccinia-specified polypeptides, once again information derived from infection of cytoplasts (6,7) might appear to be in conflict with our previous findings which indicated that posttranslational cleavage, including that of p94 and p65 precursors to the p62 and p60 products, is obligatory for completion of virion maturation (18 (1, 20 
